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Abstract 
Phase contrast X-ray imaging has huge potential for applications in medical radiography, imaging of biological 
samples, discrimination within soft tissues, non-destructive testing, environmental science and material science. An 
important requirement in X-ray phase contrast imaging is the spatial coherence of the source, which can be provided by 
electron-beam microfocus X-ray sources. To obtain better resolution and to minimize exposure times, the source power 
needs to be enhanced by increasing the electron-beam power. To circumvent the problem of melting of solid anode at 
high electron beam power, recently liquid metal jet anodes have been used. But if the power is increased using a 
straight electron beam, the liquid metal at the e-beam impact point may be evaporated or ionised and may flow towards 
the electron gun region causing repeated high voltage discharges, erosion of cathode material and metallic coatings on 
insulation. By bending the electron beam through ~180° or more before impact on the liquid metal jet, the vapor and 
ions can be prevented from entering the high voltage cathode region. A crucial requirement is that this bending does not 
affect the size and circular symmetry of the electron beam spot on the target so as not to affect the spatial coherence of 
the source. To achieve this objective, based on the principle of distortion-less bending of a converging electron beam (B 
Dikshit et al, Nucl. Instr. Methods Phys. Res. A, 596, 300 (2008)), schematic design of a high power 180° bent electron-
beam microfocus X-ray source is described in this paper. ©2014 Science Front Publishers 
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1. Introduction 
X-ray phase contrast imaging offers greatly enhanced 
image quality over conventional amplitude contrast methods. It 
has a major potential for applications in medical radiography 
[1-4] especially for discrimination within soft tissues (cartilage, 
lungs, breast)  and imaging of biological samples with low 
absorption, non-destructive testing in the microelectronics 
sector [5-6], environmental science [7], materials science [8] 
and cultural heritage [9]. Since the phase component of the 
refractive index is several orders of magnitude higher than the 
absorption component at X-ray wavelengths, phase change 
measurements generate very high contrast compared to 
absorption imaging, resulting in improved spatial resolution. 
Thus, phase-contrast imaging is superior because of its high 
contrast as well as high resolution. In addition, as this 
technique does not require the specimen to be stained, imaging 
of the internal details of micro-organisms and cells can be 
carried out without structural damage to the specimen. 
A considerable number of recent experiments on X-ray 
phase contrast imaging have produced some extraordinary 
images demonstrating greatly enhanced contrast over 
conventional methods revealing soft tissue discrimination at 
micrometre scale resolutions. Since cartilage is rendered visible 
in phase images (as illustrated by Lewis [1]), there is 
considerable interest in using phase contrast to detect early 
degenerative changes in cartilage. Non-invasive imaging of 
cartilage and bone is also important for the development of 
successful treatments for conditions such as degenerative joint 
disease and osteoarthritis. Mori et al. [10] demonstrated 
theeffectiveness of phase information in detecting small  
 
fractures that were invisible using conventional techniques. 
Mollenhauer et al [11] imaged a human knee and an intact 
ankle joint. They found that the cartilage was not only visible 
but also provided distinction between morphologically 
degenerate and non-degenerate cartilage. In addition, the 
continuing rise in breast cancer incidence together with the 
difficulty of interpreting mammograms has led to substantial 
interest in the possible improvements offered by phase contrast 
techniques for breast cancer detection. Phase contrast has 
potential in this area since the breast is composed of soft tissues 
having similar mass absorption coefficients resulting in 
relatively low contrast in conventional mammograms. Several 
researchers have imaged breast tissues (Ingaly et al [12], Pisano 
et al [13] and Arfelli et al [3]) using the X-ray phase contrast 
technique. In all these studies, the diagnostic information 
related to breast cancer provided was found to be significantly 
enhanced relative to conventional imaging. The finding that 
infiltrating lobular carcinoma was better visualized than 
absorption imaging is of interest since this is a particularly 
difficult tumor to detect. Momose et al [14] demonstrated that 
blood vessels in an excised rat liver could be visualized without 
contrast agent. The large difference in the refractive index of 
air and soft tissue makes lungs ideal candidates for phase 
contrast imaging. Some recent images are truly spectacular, 
making it clear that phase contrast techniques offer enhanced 
chest radiographs [1]. Phase-contrast X-ray computed 
tomography (PCX-CT) has also been reported for three-
dimensional observation of organic matter [4]. Similarly, in the 
semiconductor industry, microprocessors and IC chips require 
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integration of more than 100 million transistors and metal 
interconnects with line widths of 200 nm and below. As the 
number of devices increases and the feature sizes become 
smaller, high resolution imaging is a powerful tool for process 
diagnostics and control during microstructure manufacturing. 
Unlike electron microscopy methods, imaging with keV X-rays 
is capable of penetrating samples several tens of micrometers 
thick and thus allows non-destructive study of buried 
nanostructures. However, the advantage of high penetration 
power is connected with the disadvantage of low absorption 
(meaning low amplitude contrast). Hence phase information for 
generating contrast is the method of choice; Neuhausler and 
Schneider [6] have reported the detection of defects and voids 
with a resolution of around 60 nm.  
The most important requirement in X-ray phase contrast 
imaging is the spatial coherence of the source, which is 
available in synchrotron and electron-beam microfocus 
sources. As synchrotron facilities are too large and costly for 
routine use in clinical or small laboratory/industrial scale, 
compact electron-beam microfocus sources provide an 
excellent alternative for wide spread applications of X-ray 
phase contrast imaging. Conventionally, microfocus X-ray 
sources use straight axial type electron guns, in which focusing 
of the electron beam occurs along both perpendicular directions 
via a coaxial thin magnetic coil and the electron beam goes in a 
straight line after exiting from the focusing coil. The electron 
beam typically of energy 20-80 keV is focused onto a target 
within a circular area of diameter ~10µm. To get better image 
resolution (~ 1 µm) and to minimize the exposure time 
(important for moving objects), the brightness of microfocus 
X-ray sources must be very high which can be attained by 
increasing the electron beam power density to the order of 20-
50 kW/mm2.  High electron beam power in X-ray source 
however can lead to melting of the solid anode. To circumvent 
this problem, liquid metal jet anodes have been recently used in 
microfocus sources, allowing the power to be increased by an 
order of magnitude [15]. The increase in power primarily relies 
on the regenerative nature of the liquid jet which replenishes 
the material loss from anode. However, with a straight electron 
beam axis, this increased e-beam power results in significant 
amount of evaporation of liquid metal and the resulting vapor 
may travel towards the cathode of electron gun causing 
repeated high voltage discharges and metal coatings in the 
insulating parts.  
To circumvent this problem, the electron beam can be bent 
by 180° or more before hitting the liquid metal jet so that vapor 
and ions do not enter the high voltage cathode region. But it is 
essential that this bending does not affect the size of the 
electron beam spot on the jet which otherwise would affect the 
coherence properties of the source. However, if a uniform 
magnetic field is applied to bend an initially parallel electron 
beam (as in commercial transverse type electron guns), the 
beam is focused only along one direction due to geometrical 
crossover after 90° and 270° rotation (as shown in Fig.1). If a 
radially converging electron beam of circular cross section is 
bent by uniform magnetic field before it is focused, the electron 
beam spot on the target becomes elliptical, affecting the size 
and symmetry of the e-beam spot. 
In this paper, we describe an innovative design of 
microfocus X-ray source based on the principle of distortion-
less bending of a converging electron beam which has been 
recently published us [17-18].  We apply the principle in 
electron optics of the liquid metal jet X-ray source to increase 
the brightness of the source so that neither the coherence of X-
ray source is affected nor the performance of the system is 
affected by possible vapor propagation towards the high 
voltage electron-emitting cathode.  
 
 
Figure 1. Focusing along one dimension by geometrical 
crossover in conventional transverse type electron guns  
 
2. Principle of operation of the X-ray source 
It has been analytically proven in [16] that the effect of 
bending on the size and shape of e-beam spot on the target can 
be completely eliminated by using a radially decreasing 
magnetic field and a specific radial electron velocity 
distribution. The spatially varying magnetic field intensity 
should satisfy 
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=                                                               (1) 
where va0  is the axial velocity of the electrons in the beam 
(which has to be same for all electrons), R is the radial distance 
from the centre of curvature of the bent beam, m is the electron 
mass and e is the electronic charge. The initial radial velocity 
of the electrons within the beam which is bent by an angle α  is 
given by  
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where R0 is the radius of curvature of a central ray of the e-
beam and (r0 ,θ0) is the initial position of an electron on the 
cross sectional plane of the beam just before entering the region 
of magnetic field that causes the bending. In the paraxial case, 
when the cross-sectional diameter of electron beam is much 
less than the radius of curvature, equation (2) reduces a 
circularly symmetric radial velocity distribution as given 
below, 
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Above condition given by Eq-3 can be achieved by using a 
coaxial thin magnetic lens. The analysis is valid for any angle 
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Figure 2. Schematic of the proposed high power microfocus X-ray source using a bent electron beam. 
 
of bending of the electron beam and is relativistically correct 
(when m is the relativistic mass).  
Thus, the basic principle for distortion-less bending of a 
converging electron beam shows that the effect of bending on 
the size and shape of the e-beam spot on the target can be 
completely eliminated through a radially decreasing magnetic 
field given by Eq-1 and a radial velocity distribution of the 
electrons agreeing with Eq-3 which is simpler and can easily be 
implemented. Using this principle, the performance of a typical 
270° bent beam axial-type electron gun has already been 
numerically evaluated by computer simulation of electron 
trajectories in the radially decreasing magnetic field [17].  This 
electron gun has been found to offer both the advantages (a) 
compact high-voltage cathode assembly placed in the 
geometrical shadow region of the emerging vapour and (b) a 
circularly symmetric electron beam spot with high power 
density. 
 
3. Schematic of the proposed high power 
microfocus X-ray source  
The conditions given by Eq-1 and 3 in an microfocus X-
ray source can be achieved practically by a conical magnet pole 
face and a coaxial thin magnetic lens. Based on the above 
described principle of distortion-less bending, schematic 
diagram of the proposed high power 180° bent electron beam 
microfocus X-ray source is shown in figure 2. The x-ray source 
uses a liquid metal jet as the anode. Although the beam can be 
focused after any angle of bending, we have chosen to bend the 
electron beam by 1800 as it is sufficient for avoidance of the 
metal vapor and schematically we get more space to place the 
various subsystems such as liquid metal jet, x-ray optics 
assembly etc. in the set-up. In this system, equation (1) is 
satisfied by use of conical pole faces that generate the radially 
decreasing bending magnetic field and equation (3) is satisfied 
by use of a thin focusing coil that converges the electron beam. 
The figure only shows the electron optics in detail. The other 
parts such as the liquid metal jet system and the X-ray imaging 
optical arrangements can be made same as described in 
literature [2, 15].  
 Of course, an important parameter that might limit the 
focusability of electron spot in any electron gun (straight or 
bent beam) is self field due to space charge effect. This effect 
can be estimated by solving the following beam envelope 
equation [19],  
( ) rcm
eI
dz
rd
3
0
2
2
2 γβpiε=
        (4) 
where  r  is the radius of the beam at any axial distance ‘z’ , 
cv /=β   ( v  is axial velocity and c is velocity of light), 
22 /1/1 cv−=γ ,  
I = Beam current, m = Rest mass of electron,  
e = Electronic charge 
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Due to very high voltage and low e-beam current in case of 
microfocus sources (for instance 50kV, 1-2 mA), space charge 
effect is found to be negligible and the minimum achievable 
radius of the beam limited by space charge effect is much less 
than 1um. So, if we are able to achieve the electron spot 
diameter <10 um in a straight electron gun, we can also achieve 
the same spot size in the bent-beam electron gun as we have 
eliminated the effect of bending on electron spot by specially 
designed magnetic field. 
Thus, the use of above electron beam transportation system 
offers several advantages, (a) the high-voltage cathode 
assembly can be placed in the geometrical shadow region of the 
atomic vapour emerging from the liquid metal jet anode at 
higher powers (hence avoiding electrical discharge problems) 
and (b) the compact and circularly symmetric electron beam 
spot despite the bending of the electron beam so that the source 
coherence is not affected.  
 
4. Conclusion 
To conclude we find that a liquid metal jet micro-focus X-
ray source based on the principle of distortion-less bending of 
electron beam can be operated at very high power which can 
ultimately result in high contrast and high resolution imaging 
for medical and industrial applications. State of the art high 
power microfocus X-ray sources are in demand for medical and 
industrial applications, and a compact and circular electron 
beam spot along with trouble free operation of the electron gun 
through avoidance of the vapor in the high voltage cathode 
region will be very effective in popularizing phase contrast 
imaging techniques.  
 
 
REFERENCES 
[1] R A Lewis, “Medical phase contrast x-ray imaging: current  
status and future prospects”, Physics in Medicine and 
Biology, 49, 3573 (2004) 
[2] D. H. Larsson, P. A. C. Takman, U. Lundström, A. Burvall,  
and H. M. Hertz, “A 24 keV liquid-metal-jet x-ray source for 
biomedical applications”,  Review of  Scientific Instruments, 
82, 123701 (2011) 
[3] Fulvia Arfelli, Valter Bonvicini, Alberto Bravin, Giovanni  
Cantatore, Edoardo Castelli, Ludovico Dalla Palma, Marco 
Di Michiel, Mauro Fabrizioli, Renata Longo, Ralf Hendrik 
Menk, Alessandro Olivo, Silvia Pani, Diego Pontoni, Paolo 
Poropat, Michela Prest, Alexander Rashevsky, Marina Ratti, 
Luigi Rigon, Giuliana Tromba, Andrea Vacchi, Erik 
Vallazza, Fabrizio Zanconati, “Mammography with 
Synchrotron Radiation: Phase-Detection Techniques 
Radiology”, Radiology, 215 (1), 286 (2000) 
[4] Atsushi Momose, Tohoru Takeda and Yuji Itai,  
“Phasecontrast xray computed tomography for observing 
biological specimens and organic materials”, Review of 
Scientific Instruments, 66, 1434 (1995) 
[5] U Neuhäusler, G Schneider, W Ludwig, M A Meyer, E  
Zschech, D Hambach, “X-ray microscopy in Zernike phase 
contrast mode at 4 keV photon energy with 60nm 
resolution”, Journal of Physics D: Applied Physics, 36, A79 
(2003) 
[6] Ulrich Neuhäusler and Gerd Schneider, “Non-destructive  
high-resolution X-ray imaging of ULSI micro-electronics 
using keV X-ray microscopy in Zernike phase contrast”, 
Microelectronic Engineering, 83, 1043 (2006) 
[7] Monteiro PJM, Mancio M, Kirchheim AP, Chae R, Ha J,  
Fischer P, Tyliszczak T, “Soft X-ray Microscopy of Green 
Cement”, AIP Conf. Proc. 1365 (1), 351 (2011) 
[8] Michette AG, Phanopoulos C, Newell RJ, McFaul C,  
Pfauntsch SJ, Pans G, Wirick S, “Soft X-ray 
Spectromicroscopy of wood fibre composites”, Journal of 
Physics Conference Series, 186, 012091 (2009) 
[9] Bertrand L, Languille M-A, Cohen SX, Robinet L,  
Gervais C, Leroy S, Bernard D, Pennec E Le ,  Josse W, 
Doucet J, Schöder S,  “European research platform 
IPANEMA at the SOLEIL synchrotron for ancient and 
historical materials”, Journal of Synchrotron Radiation, 
18(5), 765-772 (2011) 
[10]Koichi Mori, Kazuyuki Hyodo, Naoto Shikano, Masami  
Ando, “First observation of small Fractures on a Human 
Dried Proximal Phalanx by Synchrotron X-Ray 
Interference Radiography”, Japanese Journal of Applied 
Physics, 38, L1339 (1999)   
[11] J Mollenhauer, M E Aurich, Z Zhong, C Muehleman,  
A A Cole, M Hasnah, O Oltulu, K E Kuettner, A Marguli, 
L D Chapman, “Diffraction-enhanced X-ray imaging of 
articular cartilage”, Osteoarthritis and Cartilage, 10, 163 
(2002) 
[12] Viktor N Ingaly, Elena A Beliaevskayay, Alla P  
Brianskayaz and Raisa D Merkurieva,  
“Phase mammography-a new technique for breast 
investigation”, Physics in Medicine and Biology, 43(9), 
2555 (1998) 
[13] Pisano ED, Johnston RE, Chapman D, Geradts J, Iacocca  
MV, Livasy CA, Washburn DB, Sayers DE,  Zhong Z, 
Kiss MZ,  Thomlinson WC, “Human breast cancer 
specimens: diffraction-enhanced imaging with histologic 
correlation--improved conspicuity of lesion detail 
compared with digital radiography”,  Radiology, 214 (3), 
895 (2000) 
[14] Momose A, Takeda T, Itai Y, “Blood vessels: depiction at  
phase-contrast X-ray imaging without contrast agents in 
the mouse and rat-feasibility study”, Radiology, 217 (2), 
593 (2000)   
[15] T Tuohimaa, M Otendal M, H M Hertz, “Phase-contrast x- 
ray imaging with a liquid-metal-jet-anode microfocus 
source”, Applied Physics Letters, 91, 074104 (2007) 
[16] Biswaranjan Dikshit and M S Bhatia,  
“Ideal distortion-less bending of a focused non-paraxial 
electron beam”, Nuclear Instruments and Methods in 
Physics Research A, 596, 300 (2008) 
[17] Biswaranjan Dikshit and M S Bhatia,   
“A Novel 2700 Bent-Axial-Type Electron Gun and 
Positioning of Its Electron Beam Spot on the Target”, 
IEEE Transactions on Electron Devices, 57, 939 (2010) 
[18] Stanley Humphries Jr., “Principles of high current  
electron beam acceleration”, Nuclear Instruments and  
Methods in Physics Research A, 258, 548 (1987)
 
